Synaptic transmission was studied at the squid giant synapse with voltage claimp control of both presyn- 
Trgpnnlmission at many synapses, including the squid giant synapse, has a steep dependence on extracellular Ca concentration ([Ca2+k) : postsynaptic response can be proportional to the third or fourth power of [Ca ']O. This observation has leV to a hypothesis that three or more Ca2+ ions act cooperatively at intracellular sites to trigger secretion of one transmitter quantum (1) (2) (3) (4) (5) . This idea is challenged, however, by more repent voltage clamp measurements of the presynaptic Ca Current during transmission at the squid giant synapse.
fostsynaptic responses in these experiments varied as the first or second power of presynaptic Ca current (6) (7) (8) (9) (10) (11) , suggesting that only one or two intracellular Ca ions are necessary to trigger a release event. Differences in the degree of coqperativity apparent from these two types of experiments have not yet been explained.
Although the squid giant synape offers unique accessibility to electrophysiological methods (12) , one technical problem limits interpretation of experiments performed on this preparation. Electrotonic decrement along the elongated presynaptic terminal can give rise to substantial spatial gradients of presynaptic membrane potential, and thus of voltage-dependent Ca current and transmitter release. This problem was first recognized by Katz and Miledi (13) , who found that the transfer characteristics of this synapse varied as' function of presynaptic electrode placement. We now report experiments using voltage clamp methods that were designed to reduce the effect of presynaptic voltage gradie66s. In these experiments, postsynaptic current (PSC) amplitude varied approximately as the third power of presynaptic Ca current. These results are consistent with the [Ca2+]0-dependence results (2, 3) and reestablish the hypothesis that three or more Ca ions cooperate at intracellular sites to release transmitter. The third-power relationship may also be of functional'importance in the modulation of synaptic transmission: changes in presynaptic Ca current magnitude should have greatly amplified effects on the amount of transmitter secreted.
MATERIALS AND METHODS
Voltage Clamp Methods. Presynaptic terminals in the stellate ganglion of the squid Loligo pealei were voltageclamped using the three-microelectrode method (14) , as indicated schematically in Fig. 1A . Differences in voltage recorded by the V1 and V2 electrodes reflect axial current flow and thus provide localized current recording from the tip region of the elongated presypaptic terminal (14) . Presynaptic currents are expressed in units of the voltage differences V2 -V1 rather than in units of membrane current density, because of uncertainties in determining the dimensions of the presynaptic terminal and the resistivity of its cytoplasm. The presynaptic cell was voltage-clamped near its resting potential (approximately -70 mV) between the specified command pulses, which were given at intervals of 1 min or longer.
Linear leakage and capacitance currents were subtracted from all presynaptic current records by digital addition of an appropriately scaled response to a hyperpolarizing command pulse. To separate Ca current from other ionic currents in the presynaptic terminal, all solutions contained tetrodotoxin (1 AM) to block sodium current and 3,4-diaminopyridine (2 mM) and tetraethylammonium (2Q mM) to block potassium currents (15) . The presynaptic terminal was also filled with tetraethylammonium by microinjection.
To reduce nonlinearities associated with postsynaptic potential measurements (16, 17) , the postsynaptic cell was voltage-clamped at a constant potential and the PSC was measured directly. The two-microelectrode arrangement indicated in Fig. 1A was used for this purpose (7) . PSC was measured as the current flowing through the 1post electrode during the presynaptic command pulses. The The local Ca application method used here differs from that used in previous studies (10, 18) Fig. 1 B and C. Both currents were measured just prior to the ends of 6-msec pulses. Fig. 1B shows that a large inward current, the voltage-dependent Ca current, flows with local application of Ca2+ to the tip of the presynaptic terminal. The small inward current evident between -35 and +20 mV in the absence of Ca2+ pipette flow may reflect a small residual current carried by Ca + or other species (e.g., Na+ or Mn2+) through Ca2+ channels, or nonlinearity of the "leakage" current, for which a linear correction has been made. Fig. 1C shows that an inward (or excitatory) PSC is also evoked by presynaptic depolarization, reflecting Ca2+-dependent transmitter release. The small residual PSC evident in the absence of Ca2+ pipette flow appears to be an electrotonic effect of presynaptic current flow (12) .
To separate both Ca current and the PSC from residual Ca-independent currents, records obtained in the absence of Ca2+ pipette flow were subtracted from records obtained in its presence. Fig. 2A shows the time course of Ca current and PSC derived in this way for three small presynaptic depolarizations. Fig. 2A also represents the typical relationship between the magnitude of Ca current and PSC for such pulses: PSCs increase much more rapidly than Ca current with changes in presynaptic pulse potential. Fig. 2B shows the voltage dependence of Ca current and PSC magnitudes from the data plotted in Fig. 1 Fig. 3 with PSC graphed as a function of Ca current. Data are shown on both linear (Fig. 3A) and doublelogarithmic (Fig. 3B) Fig. 1 B and C) .
Ca current and PSC clearly resemble the third-power functions, although the data fall along third-power curves with two different scale coefficients, as discussed below. Approximate third-power relationships were found consistently. When power functions were fitted to similar data from 18 experiments, the average exponent was 2.9 and the range was 2.4 to 3.5. While the data shown here were all measured at the ends of 6-msec presynaptic pulses, measurements made at different times during pulses or by response integration gave similar exponent values.
The data plotted in Fig. 3 lie along two slightly different power-function curves depending on the presynaptic pulse voltage range. The two curves both have exponents of 3.0, but they differ in scale coefficient by a factor of 1.7. Current (3, 22) . On the other hand, this result differs from previous voltage clamp results in which transfer relationships between presynaptic Ca current and postsynaptic potential changes were found to be linear (6, 7) or power functions with low exponents of 1.36 (8), 1.47 (9) , or 2 (10, 11) . Our results also differ from those of the previous study (8) that described a very marked hysteresis in the synaptic transfer curve, with a significant postsynaptic response in the near absence of Ca current at the most positive presynaptic potentials. We observed much less hysteresis, and the slight hysteresis that we did detect is apparently different from that reported previously, because PSCs at the higher presynaptic potentials still exhibited a third-power dependence on Ca current (Fig. 3) (1985) 625 ments. The exact effects of such errors are difficult to estimate because they are strongly dependent on electrode placement and presynaptic command potential. In addition, non-linear summation of postsynaptic potential responses (16, 17) recorded in previous studies that did not voltageclamp the postsynaptic cell may have resulted in lower apparent exponent values. Alternatively, it is possible that some undesired side effect of Mn2+ or local Ca2+ applications actually makes the synaptic transfer characteristic steeper than normal. Arguing against this possibility, we find that exponent values approach 3 (average value 2.7 in five experiments; see also figure 7 in ref. 11) even when Ca2+ is applied by normal bath perfusion and no Mn2+ is present, provided that the three-electrode method is used to measure Ca current and preparations with short synapses are selected to minimize presynaptic anisopotentiality.
Implications for Synaptic Mechanism. The results obtained under our experimental conditions are consistent with the hypothesis (1) (2) (3) (4) (5) 23 ) that intracellular Ca2+ ions trigger secretion cooperatively, but other interpretations are certainly possible. Similar transfer curves might result from transient saturation of Ca2+ buffering sites in presynaptic cytoplasm (24) , or other complexities of intracellular diffusion and binding of Ca2+ ions (25) . These findings could also reflect a non-linear relationship between transmitter release and postsynaptic response, as might arise from cooperative receptor activation (26) or from concentration-dependent changes in transmitter lifetime within the synaptic cleft (27) . More work will be necessary to evaluate these possibilities. Meanwhile, since there is evidence that calmodulin-like proteins regulate secretion in certain cell types (5), it may be noteworthy that enzyme activation by calmodulin may require Ca2+ to bind at up to four sites (28) .
Implications for Synaptic Function. Regardless of how the third-power transfer curve arises, it has direct implications for synaptic function. In particular, it demonstrates that small changes in Ca current magnitude can result in large changes in PSC magnitude. Thus, any physiological modulation of Ca current (29) (30) (31) , whether due to a direct effect on the Ca2+ channel or to changes in presynaptic membrane potential, should be greatly amplified in its effects on synaptic transmission.
